Introduction
============

Star fruit ( *Averrhoa carambola* ) is a species of fruit tree that belongs to the Oxalidaceae family. Having originated in Asia, its fruit is popular in tropical and subtropical countries. Star fruit can be consumed as a fruit in its natural form or as a juice^1,2^. In the 1980s, the first report of neurotoxic effects originated from administration of constant intracerebroventricular injections of star fruit juice in healthy rats, inducing seizures and suggesting the existence of a neurotoxic compound in the fruit^3^. In the following years, several case reports were described in uremic patients who had ingested star fruit or its juice^3-\ [@B4]^ .

Star fruit poisoning has been classified as mild, moderate, or severe according to the clinical signs presented by the patient, progressing to vomiting, mental confusion, psychomotor agitation, seizures, hypotension, coma, and death. The mortality rate was as high as 75%^3,4,\ [@B2]\ -\ [@B4]^ in patients who developed an epileptic status. Fang *et al* .^[@B4]^ showed that nephrectomized rats that received star fruit or oxalate extract developed myoclonic or tonic-clonic seizures.

Historically, two mechanisms are involved in the pathophysiology of seizure attacks possibly caused by the neurotoxic effects of star fruit: 1) the existence of a specific star fruit toxin (caramboxin) inhibiting GABAergic receptors, and 2) the role of oxalic acid (oxalate) in possibly inducing convulsive events^2,\ [@B4]\ -\ [@B7]^ .

Upon examining case reports of nephropathic patients who developed neurological symptoms after ingesting star fruit, the presence of a seizure attack appears to be a factor of poor prognosis for mortality. Since no studies have so far identified the neural sites involved in seizures in experimental models under these conditions, the objective of this study was to identify brain areas possibly involved in convulsions resulting from the neurotoxic effect triggered by carambola juice intake in nephropathic rats.

Methods
=======

All experiments were conducted in compliance with the rules and precepts of the Brazilian College of Animal Experimentation (COBEA) to avoid and minimize animal suffering as much as possible. This study was approved by the Committee on Animal Research and Ethics (CARE - UNICID) under n. 001/2015 on August 19, 2015.

A total of 25 male Wistar rats were used. The animals were kept in the *vivarium* of UNICID under a 12/12 light-dark cycle, with controlled temperature, and with water and food *ad libitum* .

Group design
------------

All animals were habituated to initial conditions. Day 1 conditions were the same for all animals. The animals were divided into different groups, as follows:

1.  **White control (WHI):** animals under no procedure - white (WHI). This group did not receive any kind of experimental intervention during their lifetime.

2.  **Water gavage control (WGV).** This group underwent water gavage procedures on days 9 and 10.

3.  **Star fruit gavage control (SGV).** This group underwent star fruit gavage procedures on days 9 and 10.

4.  **Nephropathic gavage control with water (NPW).** On day 8, this group had ureters mechanically blocked and sectioned using a surgical procedure (bilateral ureteral obstruction surgery, BUO). During days 9 and 10 these animals received water gavages.

5.  **Experimental group: nephropathic gavage with star fruit (NPS).** On day 1, this group underwent electrode implantation for recording the electroencephalographic pattern. On day 8, the group underwent BUO. During days 9 and 10, these animals received star fruit juice gavages. On day 10, an electroencephalogram (EEG) was also performed.

On day 10, all groups underwent a cardiac perfusion and the brain was removed for subsequent microtomy and immunohistochemical procedures.

Plasma urea and creatinine levels were measured to experimentally validate that the NPW and NPS groups were in a condition similar to nephropathy. Likewise, an EEG was recorded to experimentally validate that the rats had a seizure. The data obtained from these procedures served as a positive control of nephropathy and seizure.

EEG (NNPS - implant on day 1 and record on day 10)
--------------------------------------------------

In order to confirm the presence of seizures, the following brain areas were selected for bilateral implantation of electrodes (day 1) and EEC (day 10): hippocampus, CA1 (AP: -4.6; LAT: 2.5; PROF: 3.0), and primary motor cortex (AP: -2.0; LAT: 1.5; PROF: 2.0), using the Swanson's atlas as reference, 1998^[@B8]^ . These structures were chosen due to comprehensive existing description of the electroencephalographic procedures and standards for these regions (14,15). The electrodes were implanted on experimental day 1 and recordings were always performed during day 10 after electrode implantation using a Nihon Kohden 4412P Neurofax device. This period was selected to reduce the inflammation resulting from electrode implantation, which could influence the EEG signal acquisition and the expression of c-Fos protein. All procedures were performed as described by Fonoff *et al* .^[@B9]^ and Timo-Iaria *et al* .^[@B10]^ .

BUO (NPW and NPS, day 8)
------------------------

Bilateral ureteral obstruction surgery (BUO) was performed on day 8 in the NPW and NPS groups. The animals were anesthetized, the abdominal cavity was exposed, and the ureteral lumen was obstructed with two sutures in its middle third and one section between these two sutures, as described by Achar *et al* .^[@B11]^ .

Gavages and star fruit juice administration (WGV, SGV, NPW, NPS, days 9 and 10)
-------------------------------------------------------------------------------

The gavages were performed using a metallic orogastric cannula on days 9 and 10. The WGV and NPW groups received water gavages. The SGV and NPS groups received star fruit juice gavages. The star fruit juice was produced by mixing the fruit in a blender for a few minutes without addition of any other components. The final product was filtered using a three-micron filter paper. Each animal received 1 mL of liquid (water or star fruit) every three hours, maintaining an unrestricted supply of water. The gavages were performed at the following times: 7:30 AM, 10:30 AM, 1:30 PM, and 4:30 PM on the first day; and 7:30 AM, 10:30 AM, and 1:30 PM on the second day.

Perfusion and microtomy (days 10 and 11, respectively - all groups)
-------------------------------------------------------------------

For immunohistochemical studies, the animals were anesthetized with dissociative general anesthesia using ketamine hydrochloride (100 mg/ml) at a dose of 70 mg/kg of body weight, along with xylazine hydrochloride (2 g/100 ml) at a dose of 10 mg/kg of body weight via intracardiac perfusion with buffered saline (pH 7.4), subsequently using a fixing paraformaldehyde solution (PFA, 4%) at 4°C. During the initial perfusion, approximately 3 mL of blood were collected from the left ventricle to measure urea and creatinine. After the perfusion, a craniotomy was performed, and the brain was maintained for about four hours in 4% PFA (4ºC). The brain was then kept for about 24 hours in a solution with 30% sucrose in phosphate buffer pH 7.4 (PB), in which it remained until it was sectioned at 40 µm thickness using a freezing microtome. The sections were kept in 0.1 M phosphate buffer, pH 7.4 (0.1 M PB) at 4°C or in an anti-freeze solution.

Dosage of urea and creatinine (all groups - after perfusion)
------------------------------------------------------------

Commercial kits (Ureia CE and Creatinina K - Labtest Diagnóstica) were used to measure urea and creatinine levels. The results of these measurements were used to calculate the amount present in the sample in mg/dL. The working and dosing reagents were prepared strictly following the procedures indicated by the manufacturer.

Immunohistochemical procedures (all groups starting on day 10)
--------------------------------------------------------------

The brain sections were washed in PB buffer and incubated in normal 2% donkey serum (Jackson ImmunoResearch) and primary Rb x c-Fos antibody (Calbiochem^®^) at a dilution of 1:10,000 for 48 hours at 4°C. Dilutions were always prepared with 0.3% Triton-X-100 in 0.1 M buffer. The sections were washed again and incubated for one hour in a biotinylated secondary antibody Dk x Rb solution (Jackson ImmunoResearch) at 1:250 dilution in 0.1 M buffer. After washing again, the tissue sections were incubated for one hour in a solution containing the avidin-biotin-peroxidase complex (ABC ELITE kit, Vector Labs) and developed using the peroxidase method. The sections were mounted on slides, bathed in osmium tetroxide 0.1% for 15-30 s, dehydrated, and covered with coverslips. The individualized immunohistochemical control was processed without the primary antibody, by replacing the primary antibody with normal serum from the animal where the antibody was produced. The slides were analyzed using a light Zeiss Primo Star microscope coupled with a camera. The images were captured and processed using the ZEN 2012 SP1 software (black edition, version 8.1). [Table 1](#t1){ref-type="table"} summarizes the different procedures that each group underwent during the experimental period.

Table 1Experimental procedures performed in the different studied groups.GROUPSEEGBUOGAVAGESUr/CrIHCWHI   ++WGV  H~2~O++SGV  Star fruit juice++NPW +H~2~O++NPS++Star fruit juice++

Data analysis
-------------

Immunoreactive cells (c-Fos+) were counted in counting areas that could be reproduced on different blades for different groups using the ZEN 2012 SP1 software (black edition, version 8.1). Serum urea and creatinine dosage and count cell values were statistically analyzed using the ANOVA test to identify if there were statistically significant differences between groups at p \< 0.01. Differences between groups were analyzed individually using the Student's t-test with p \< 0.01 considered to be significant.

Results
=======

Urea and creatinine dosages
---------------------------

The ANOVA analysis showed that the five groups were very different from one another. The non-nephropathic groups (WHI, WGV, and SGV) presented similar urea and creatinine dosages. Urea and creatinine values were respectively three and six times higher in the nephropathic groups (NPW and NPS), which was statistically significant. Data on these dosages are summarized in [Table 2](#t2){ref-type="table"} .

Table 2Dosages of creatinine and urea in the different groups expressed as mean ± standard deviation. WHIWGVSGVNPWNPSCr1.62 ± 0.191.67 ± 0.091.80±0.1513.02 ± 1.25\*12.90 ±1.12\*Ur43.73 ± 3.4943.37± 4.3042.05± 2.30139.64±12.00\*154.23±13.30\*[^2]

Electroencephalogram (EEG)
--------------------------

The NPS group showed behavioral signs since the first gavage, including piloerection, discontinued self-cleaning, decreased exploratory activity, drooling, and masticatory automatism, subsequently progressing to myoclonus and generalized tonic-clonic seizures. The visual analysis of the electroencephalograms of the NPS group initially progressed from theta waves ( [Fig. 1](#f01){ref-type="fig"} , left) to high voltage spikes in weak regular asynchronous pulse volleys between the recorded structures. This disorganization was generalized, and it was not possible to visually identify any propagation between the cortical leads or between the cortical and the hippocampal leads, which suggests that the origin of the epileptic activity was multifocal. The animals were more agitated and would suddenly present with generalized tonic-clonic seizures. These were initially brief; however, after increasing in frequency and amplitude, they became continuous ( [Fig. 1](#f01){ref-type="fig"} , right).

Figure 1Recordings of electrical activity in the brain of a nephropathic animal that underwent a first gavage with star fruit ( *left* ) and during a seizure attack ( *right* ). On the left, the presence of spindles, as exemplified between 265 and 266, and theta waves, characteristic of relaxed wakefulness, can be seen. Periods characterized by desynchronized waves are also present. During the seizure ( *right* ), a prolonged cluster of spikes with little organization, and increased frequency and amplitudes over time can be seen.

Immunohistochemistry
--------------------

Immunohistochemical analysis showed c-Fos-reactive (c-Fos+) immunoreactive cells in different brain regions and rounded and intensely marked markings were considered positive. The analysis of the entire brain showed immunoreactive areas from the brain stem to the cerebral cortex. Throughout the brain, c-Fos+ cells were found even in animals belonging to the WHI group. Areas that visually presented increased c-Fos expression and belonging to neural circuits potentially involved in convulsive seizures were analyzed. Thus, the following areas were considered for analysis: hippocampus, including the Ammon's horn, CA1 field (CA1), Ammon's horn, CA3 field (CA3), and hippocampal dentate gyrus (DG); piriform cortex area (PIR); amygdala complex; entorhinal cortex area (ENTI); ectorhinal cortex area (ECT); perirhinal cortex area (PERI); and the anterior cingulate area, dorsal cortex part (ACAd) and medial anterior thalamus line including the anteromedial nucleus of the thalamus, dorsal part (AMd), anteroventral nucleus of the thalamus (AV), and interanteromedial nucleus of the thalamus (IAM). [Figures 2](#f02){ref-type="fig"} and [3](#f03){ref-type="fig"} show the photomicrographs of the indicated regions.

Figure 2Photomicrograph of rat brain cross-sections that have undergone immunohistochemistry to identify c-Fos protein expression. The figures on the left (A, C, E, G) are from the white groups (WHI). The figures on the right (B, D, F, H) are from the nephropathic star fruit groups (NPS). A/B: Amygdala; C/D: region of the thalamic nuclei, dorsal part of the anteromedial nucleus, anteroventral nucleus, interanteromedial nucleus, paraventricular nucleus, and ventral anterolateral complex (AMd, AV, IAM, PVT, and VAL, respectively); E/F: entorhinal, perirhinal, and entorhinal areas (ENTI, PERI, and ECT, respectively); G/H: piriform area (PIR). There is greater c-Fos expression in the nephropathic groups.

Figure 3Photomicrograph of cross-sections of the rat brain that have undergone immunohistochemistry to identify c-Fos protein expression. The figures on the left (A, C, E) are from the white groups (WHI). The figures on the right (B, D and F) are from the nephropathic star fruit groups (NPS). A/B: areas of the dentate gyrus (DG); C/D: ventral region of the hippocampus, Ammon's horn, and CA3 and CA1 fields (CA3 and CA1); E/F: anterior cingulate area, dorsal part (ACAd). There is greater c-Fos expression in the nephropathic groups.

Cell counting was used in the statistical analysis. The data can be seen in [Table 3](#t3){ref-type="table"} and are expressed as mean ± standard deviation, with statistical differences indicated by a single asterisk. Invariably, in all the nuclei analyzed, the number of c-Fos+ cells in the NPS group was higher than that in the other control groups, including non-nephropathic patients (WHI, WGV and SGV) and the nephropathic control (NPW). In some nuclei/areas, the other control groups showed statistical differences between each other, represented by two asterisks (\*\*). The data indicate that these areas exhibited an increasing state of activity in the NPS group, and that gavage (WGV, SGV, NPW), star fruit administration (SGV), and nephropathy (NPW) were not responsible for the dramatic increase in c-Fos expression, which was due to the association of nephropathy with star fruit administration (NPS). [Figure 4](#f04){ref-type="fig"} presents illustrative graphs of these data, and the [Figure 5](#f05){ref-type="fig"} summarizes part of the circuits described and establishes some possible efferent connections related to the onset of a clinical status expressed in seizures.

Table 3Number of c-Fos+ cells/counting area expressed as mean ± standard deviation.AreaWHIWGVSGVNPWNPSAmg10.06±1.048.73±1.0313.33±1.97\*\*5.6±1.08101.6±3.43\*Tal0 ± 00±00±00±0132.06±2.72\*ENTI PERI ECT28.6±4.01745.6±13.88\*\*28.06±7.0424.06±9.9277.53±8.29\*PIR23±3.2523.8±3.4524.53±2.9221.73±4.151.93±3.2\*Hp37.8±1.6643.4±2.1538.53±2.1859.4±4.02142.33±3.37\*ACAd16.8±10.12\*\*12.46±1.311.73±1.9111.13±1.6852.33±2.87\*[^3][^4]

Figure 4Graph representing the number of cells per counting area. Hp (hippocampus); ENTI, PERI, and ECT (entorhinal, perirhinal, and entorhinal areas, respectively); PIR (piriform area); ACAd (anterior cingulate area, dorsal part); Am (amygdala). Tal (thalamus).

Figure 5Pathway map summarizing the connections involving c-Fos expression in seizure-related areas of NPS rats. ACAd (anterior cingulate area, dorsal part). AMd, AV, IAM, PVT, and VAL (region of the thalamic nuclei, dorsal part of the anteromedial nucleus, anteroventral nucleus, interanteromedial nucleus, respectively).

Discussion
==========

The model previously described by Achar *et al* .^[@B11]^ was effective in inducing nephropathy, which was evidenced in the present study by the statistically increased urea and creatinine dosages in nephropathic animals.

Considering that the weight of the animals did not show great variations and that the amount of star fruit juice used (1 mL per gavage) was constant, the volume ingested per unit of weight was very similar across the animals, despite the literature not showing a direct relationship between the amount of star fruit ingestion and the severity of intoxication^4^.

Star fruit intoxication can present different clinical signs, ranging from hiccups to mental confusion, psychomotor agitation, seizures, hypotension, coma, and death. The presence of seizures appears to be a clinical factor of poor prognosis, in which mortality reaches 75%^3,4,\ [@B2]\ -\ [@B4]^ . Epileptic seizures can be defined as epileptiform cerebral electrical activity caused by sudden, excessive, and hypersynchronous neuronal discharges of focal or generalized origin. When it affects the motor system in general, it is referred to as a seizure. Approximately 8 - 10% of the population may experience seizures during their lifetime, but only 2 - 3% of the population will develop epilepsy. Some factors such as sleep deprivation, alcohol, illicit drugs, certain medications, metabolic disorders, and toxin exposure are factors that can trigger seizures^[@B12]^ . The experimental model NPS appears to be related with a metabolic disorder (nephropathy) associated with toxin exposure (star fruit). The animals in the NPS group exhibited seizures that were recorded by EEG. Initially, characteristic waking patterns were observed with rapid and asynchronous theta rhythm without spikes or other pathological signs. Theta rhythm is considered abnormal in human adults, but a moderate amount may be acceptable in the temporal lobes^[@B13]^ . However, wakeful rodents have a theta rhythm (7 - 9 Hz) without slow waves of large amplitude, and eventual exhibition of spindles, a characteristic pattern of relaxed wakefulness^[@B14]^ . During the gavages, grouped theta waves with increased amplitude and an increasing larger number of spicules in pulse volley were demonstrated, showing multifocal epileptiform activity, which when associated with generalized tonic-clonic seizures confirms the effectiveness of this experimental model to mimic the proposed clinical status.

C-Fos expression in seizure-related areas of NPS rats
-----------------------------------------------------

The c-Fos protein has been previously used as a marker in seizure models^[@B15]^ . The main finding in this study showed that several brain areas with decreased or no immunoreactivity to c-Fos protein in the animals in groups WHI, WGV, SGV, and NPW however showed high expression of this protein in NPS animals. These areas included those in diverse brain regions, from the brainstem to cortical regions. This study focused on telencephalic areas commonly related to seizures.

The structures involved in a seizure attack can be classified into: 1) triggering epileptogenic areas, which can induce the seizure, but are not necessarily the ones that first present with ictal activity; 2) target epileptogenic areas, which are vulnerable to the development of ictal activity, whether by afferents or by intrinsic circuits, and are usually the first areas to present epileptiform activity; 3) pathways involved in the propagation of the seizure, which are structures that connect triggering areas to target areas, making connections between themselves or between the hemispheres; and 4) modulatory afferents of the triggering or target regions that regulate the seizure threshold; however, unlike the triggering areas, they generally cannot induce a seizure^[@B16]^ .

The hippocampus, together with the piriform, amygdala, and entorhinal cortex, are often the first limbic regions that exhibit epileptic discharge, apparently due to their low epileptogenic threshold^[@B16]^ . This study corroborates this finding, showing that in hippocampal areas (CA1, CA3, and DG), piriform area, amygdala nuclei, and in entorhinal, perirhinal, and ectorhinal areas, c-Fos expression was statistically higher in the star fruit nephropathic group than in all other groups.

The piriform cortex and peri-amygdaloid area in the temporal lobe constitute the primary olfactory cortex. This region receives afferents from the lateral olfactory stria and has reciprocal connections with adjacent areas, including amygdala, hippocampus, and rhinal cortex, thereby being an integral part of the limbic system. The rhinal cortex is considered a secondary association olfactory area^[@B16]^ . This explains, for example, the fact that an odor triggers an emotion, an autobiographical memory, or even a convulsive seizure. The rhinal cortex and its subdivisions are bilateral communication relays between cortex and hippocampus, forming a perfect reverberation model. Functionally, this architecture plays an essential role in declarative memory. However, in pathological conditions, such as seizures, this feedback loop tends to receive excessive stimulation that is characteristic of temporal lobe epilepsy^[@B16]\ -\ [@B18]^ .

The piriform and rhinal cortices are sources of excitatory input to the medial dorsal thalamus and hippocampal formation, and are therefore potential seizure-triggering regions as well as propagation zones for seizures originating in the amygdala^[@B17]\ ,\ [@B19]^ . All these regions were active is the NPS group in this experiment. In limbic convulsions, motor efferences are possibly related to the substantia innominate (ventral pallidum), which receives afferents from the cortex and amygdala, and sends descending projections to reticular formation and substantia nigra among other regions^[@B16]\ ,\ [@B19]\ -\ [@B21]^ . Therapeutic approaches to epilepsy with a focus on the piriform cortex have been the subject of many studies^[@B18]\ ,\ [@B22]^ .

This study showed a positive result in the dorsal part of the anterior cingulate area (ACAd). This region is considered an epileptogenic area involved in frontal lobe epilepsy, which is difficult to control. In this area, interneurons are thought to play an important role in synchronizing electrical activity, and the presence of gap junctions allows for the existence of electrical synapses and, consequently, for synchronized action potentials^[@B23]^ . Thus, this region is susceptible to the onset of epileptic seizures. However, these seizures commonly present no motor phenotype, and their clinical condition is restricted to cognitive, motivational, and social aspects^[@B23]\ -\ [@B25]^ . The c-Fos expression found in the ACAd of the NPS group may be the result of increased activity in other limbic areas with efferent projections to this region. The anterior cingulate cortex can be subdivided into cognitive and affective regions. The affective part establishes, among other functions, connections with the PAG and amygdala, as well as endocrine and autonomic control. The cognitive part is interconnected with the parietal and prefrontal cortex, and with supplementary motor area^[@B24]^ .

The amygdaloid complex is in the ventral part of the telencephalon, close to the hippocampus and laterally to the optic tract (OT). This complex consists of several subnuclei with different intranuclear and internuclear connections. Thus, each subnucleus may involve different functions^[@B28]^ . Some authors have considered cytoarchitectonic, chemoarchitectonic, and hodological aspects and have proposed the existence of amygdaloid complex subdivisions^[@B26]\ -\ [@B29]^ . In this study, different amygdala nuclei were counted separately (including the basal medial nucleus of the amygdala \[BMA\], basolateral nucleus of the amygdala \[BLA\], medial nucleus of the amygdala \[MEA\], and lateral nucleus of the amygdala \[LA\]). However, the data characteristics were similar across the nuclei, and the pooled data was therefore presented. The amygdala is associated with a wide variety of functions, including physiological, behavioral, and endocrine responses. Generally, these efferent amygdaloid complex responses are due to the processing of emotional stimuli such as fear, anxiety, reward, stress, and the consolidation of aversive memories^[@B28]^ . This region also modulates cardiovascular control, influencing heart rate and blood pressure, which is unsurprising, considering the physiological responses to emotions processed by the amygdala^[@B28]\ ,\ [@B30]\ ,\ [@B31]^ . The amygdala, the hypothalamus, and the inferior colliculus are thought to be the integration bridge between seizures originating in forebrain and brainstem circuits^[@B32]^ .

The medial dorsal thalamus has bilateral reciprocal connections with several limbic areas, serving as a relay for epileptic discharge to limbic areas^[@B33]^ . The thalamus is the largest component of the diencephalon, being part of the limbic circuit, afferent information relay, and relay loop motor programming circuits. Thus, this nuclear complex is one of the most important information relay stations in the brain. Accordingly, in the case of circuits involved with epileptic seizures, the thalamus is a strong candidate for forming pathways involved in the propagation of seizures, connecting triggering to target areas^[@B34]\ ,\ [@B35]^ . This study reports c-Fos+ expression in the dorsal part of the anteromedial, anteroventral, and interanteromedial nuclei. These nuclei belong to the midline of the anterior thalamic group that is part of the limbic system, and are related to memory and emotional behavior. The nuclei form reciprocal connections with the hypothalamus and cingulate gyrus, in addition to receiving afferents from the hippocampal formation.

Conclusions
===========

The data obtained in this study shows that nephropathic rats receiving star fruit gavage present increased c-Fos expression in several brain regions involved in convulsive seizures, such as the hippocampus, piriform cortex, amygdaloid complex, entorhinal cortex area, ectorhinal cortex area, perirhinal cortex area, anterior cingulate area, dorsal part of the cortex, and medial anterior line of the thalamus. These areas are often associated with seizures and may be involved either in the genesis and spread or as target areas of epileptogenic conditions.
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